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Executive Summary 
 
A mechanical device was designed to reduce the force required to insert and eject 351S circuit 
boards. The given circuit boards took approximately 40 lbf to insert and eject. Through surveying 
random subjects, it was determined that a comfortable push/pull force for a single finger was 
about 5 lbf. This result was further supported by SEL internal work instruction WI-11751 
(Appendix A) which recommended a maximum exertion of 5.3 lbf per thumb and 2.8 lbf per hand 
to prevent musculoskeletal disorders.   
 
 A down selection process of 11 initial designs led to a final design concept that consisted of two 
simple lever arms and a rail system. Multiple manufacturing methods were considered and two 
were chosen based on design compatibility and economics. The final design concept was 
modified for injection molding and sheet metal fabrication and then compared for highest 
effectiveness and lowest cost.   
 
Both designs were tested for mechanical advantage to prove theoretical calculations. Two fish 
scales rated for 110 lbf were used to test the lever arms. Each lever arm confirmed to output 20 
lbf when 5 lbf was input to the end of the arm. Since two lever arms were used for each tray, the 
total output force would be 40 lbf successfully meeting the project goal. Prototyping further 
confirmed strength and durability of the apparatus. Estimated assembly costs for the injection 
molding design and the sheet metal fabricated design were $3.50 and $15.00 respectively based 
on a batch size of 10,000 assemblies per year. 
 
User surveying brought light to a few potential issues with the design. One issue was alignment 
upon insertion which could be fixed with the addition of a spring. Another complaint was that it 
ǿŀǎ άǎŎŀǊȅέ ǘƻ ǳǎŜ ōŜŎŀǳǎŜ ƻŦ ŎǊŜŀƪƛƴƎ ƴƻƛǎŜǎΦ ¢Ƙƛǎ ǿŀǎ ƴƻǘ ŀǾƻƛŘŀōƭŜ in the sheet metal 
iteration, and after a few uses the subjects became comfortable realizing that the noise did not 
signify precariousness. 
  



Background 
 
Schweitzer Engineering Laboratories (SEL) produces many digital products and systems that 
make electrical power safer to utilize. One of these products is the 351S relay. Within each relay, 
there are multiple electronic elements and circuit boards. These circuit boards are attached to a 
metal tray that slides in and out of a set of rails within the chassis. Upon assembly of these 
relays, it was given that approximately 40 lbf was required to fully insert the circuit board tray 
into the connectors and to eject the circuit board for repairs and replacements. 
In the current assembly process, the trays are shoved into the connectors by hand in any way the 
worker can manage to get it in completely. This process is slow and frustrating for assemblers. 
The circuit boards also include a battery which needs to be replaced every couple of years. This 
means that the client will eventually have to eject the circuit board tray even if there is never any 
repair work needed.  

 
Figure 1: SEL-351S 

 
Musculoskeletal disorders (MSD) are common in the workplace and caused by overuse, 
repetitive stress, and repetitive motion. By emphasizing ergonomics in their products, SEL can 
reduce these risk factors and save money on workers compensation. It is also beneficial for the 
buyer to know that they are investing in a safe and easy-to-use product. A simpler, more 
ergonomic product also entails faster assembly and therefore allowing more units to be 
assembled in a given amount of time. In the end, it is in the ōŜǎǘ ƛƴǘŜǊŜǎǘ ƻŦ ōƻǘƘ {9[ ŀƴŘ {9[Ωǎ 
clients that this issue is addressed.  
  



Problem Definition 
 
Through the scope of this project, a mechanical device was needed to reduce the necessary user 
ƛƴǇǳǘ ŦƻǊŎŜ ŀƴŘ ƛƳǇǊƻǾŜ ŜǊƎƻƴƻƳƛŎǎ ǿƘƛƭŜ ŀŘƘŜǊƛƴƎ ǘƻ {9[Ωǎ ŘŜǎƛƎn requirements and 
constraints. As per SEL internal work instruction WI-11751, Version 5 which can be found in 
Appendix A, it was recommended that the user should not exert more than 5.3 lbf per thumb or 
2.8 lbf per hand. Through user testing (Appendix A), the team found that about 5 lbf was 
comfortable for someone to push or pull with one finger. This result led the team to set 5 lbf as 
the goal for the mechanical device that was to be designed. To accomplish this goal, a few 
requirements were considered. 
 
The first major requirement was containment. The designed mechanism needed to be an 
integral part of the existing assembly and needed to completely fit inside the chassis when 
closed. The mechanism was to be permanently attached with rivets, spot welds, threaded nuts, 
and/or screws flush with the outside faces and no elements of the design were to interfere with 
existing components within the chassis. 
 

 
Figure 2: Available Space within the Relay 

The second design requirement was reducing the necessary user input force. The design had to 
be capable of overcoming the high friction areas. The connection tabs located at the back of 
each tray produced the majority of the 40 lbf of friction, but the rails located on the sides of the 
trays were found to produce some sliding friction as well. Although the rails only produced a 
small amount of friction, they could cause jamming from misalignment upon insertion. 



 
Figure 3: View of Circuit Board Tray Inserted into Connectors 

 The third requirement was ergonomic quality. The goal of implementing this mechanism was to 
make the insertion and ejection of the circuit board ergonomic. This means the user should not 
have to use any uncomfortable positions or movements and the mechanism should be easily 
accessible and not include sharp edges. 
 
¢ƘŜ ƭŀǎǘ ƳŀƧƻǊ ǊŜǉǳƛǊŜƳŜƴǘ ǿŀǎ ƳƛƴƛƳƛȊƛƴƎ ŎƻǎǘΦ ¢ƻ ƳŀȄƛƳƛȊŜ {9[Ωǎ ǊŜǘǳǊƴ ƻƴ ƛƴǾŜǎǘƳŜƴǘΣ ŜŀŎƘ 
mechanism needed to be optimized to be as low cost as was reasonable while considering all 
other requirements listed above. The general target value for this design is to be below $2.00 
per unit. This should be reflected in both the design specifications and manufacturing methods.  
!ŦǘŜǊ ŎƻƳǇƭŜǘƛƻƴ ƻŦ ǘƘŜ Ŧƛƴŀƭ ŘŜǎƛƎƴΣ ƛǘ ǿƛƭƭ ƴŜŜŘ ǘƻ ŦǳƭŦƛƭƭ {9[Ωǎ ǾƛōǊŀǘƛƻƴ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ǘŜǎǘƛƴƎ 
standards before implementation.  
  



Project Plan 
 

Team Roles: 
All team members took an active role in design development, revision, and general research.   
 

Jaime Ayala:  Directs instructor/client meetings 
Creates meeting agendas 

Emily Chambers: Manages budget 
Creates meeting minutes 

Davis Hill:  Primary client contact 
Moderates Wiki Page 

Nikki Imanaka:  Team leader 
Facilitates team meetings 
Manages schedule 

 

Schedule: 
Preliminary scheduling set a goal of design completion by December 2018. This would have 
allowed for more developed model creation and refinement during the spring semester. The 
goal was to have the selected design ready to tool at the beginning of the spring semester to 
accommodate for a 10-12-week lead time on professional part manufacturing. This would allow 
a finished product to be displayed at the University of Idaho Engineering Exposition (EXPO).  
Realizing this was an ambitious goal, the first semester ended with a down selection process of 
12 ideas to 4 ideas. A lot of the first semester was spent on design development and refining 
design constraints.  
 
Manufacturing method research became a larger part of the project than anticipated. After 
doing a simple fabrication and cost analysis the team was able to narrow down the four ideas to 
one design concept to move forward with. The fabrication selection came later in the second 
semester and had huge effects on the cost analysis and final designs. Prototypes were followed 
by final designs for the chosen manufacturing methods which pushed back some testing. Within 
the last month of the project timeline, final prototypes were put together, user testing was 
done, and quotes were acquired from NIC Global Manufacturing and Protolabs for sheet metal 
fabrication and injection molding respectively.  
 
The final schedule is outlined in Table 1 below. 



 

 
Table 1: Gantt Chart Project Schedule  

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

M T W R F S S M T W R F S S M T W R F S S M T W R F S S

2:00 Team Contract Nikki 100%

0:05 Reserve Table in SDS Davis 100%

1:00 Task Order Emily 100%

2:00 Budget Draft 1 Emily 100%

2:00 Project Requirement Document (PRD) Jaime 100%

3:00 Gantt Chart Draft 1 Nikki 100%

4:00 Research/Share Ideas Team 100%

1:00 Decision Matirx for Ideas Jaime 100%

1:00 Assemble Project Portfolio Jaime 100%

2:00 Pitch Ideas to Clients Team 100%

4:00 Fall + Spring Project Schedule Nikki 100%

1:00 Design Review 1 Team 100%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

M T W R F S S M T W R F S S M T W R F S S M T W R F S S M T W

1:00 Assemble Project Portfolio Jaime 100%

4:00 Fall + Spring Project Schedule Nikki 100%

1:00 Design Review 1 Team 100%

1:00 Budget/Gantt Chart update Emily/Nikki 100%

1:00 Logbook/Team Portfolio Review 1 Team 100%

4:00 Proof of concept V1 Team 100%

1:00 Snapshot 1 Set up Davis 100%

2:00 Design testing apparatus for Prototype V1 Team 100%

1:00 Gather user input data Team 100%

2:00 Design Validation Plan (DVP) Jaime 100%

2:00 Project Value Proposition Nikki 100%

3:00 Wikipage Draft 1 Davis 100%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

R F S S M T W R F S S M T W R F S S M T W R F S S M T W R F

2:00 Project Value Proposition Nikki 100%

3:00 Wikipage Draft 1 Davis 100%

1:00 Logbook/Team Portfolio Review 2 Team 100%

1:00 Redo Matrix Priority Tool Nikki 100%

2:00 Design Matrix 2 Team 100%

2:00 snapsot 2 set up Team 100%

6:00 powerpoint for design review Team 100%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

S S M T W R F S S M T W R F S S M T W R F S S M T W R F S S M

2:00 Design Review 2 at SEL Team 100%

EZ-Ject Schedule
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Circuit Board Ejector Mechanism

Jaime Ayala, Emily Chambers, Davis Hill, Nikki Imanaka

Task OwnerTask Est. Time

NOVEMBER

THXGIV. BREAK

DECEMBER

FINALS XMAS BREAK

SEPTEMBER

OCTOBER

Completion

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

T W R F S S M T W R F S S M T W R F S S M T W R F S S M T W R

1:00 Down Selection to Workable Designs Team 100%

10:00 Solid Works Design Study for 4 Designs Team 100%

4:00 Final Design Configurations for Material Cost Analysis Team 100%

1:00 Material Cost Analysis Jaime 100%

2:00 Update Decision Matrix Nikki 100%

1:00 Find Usable PEM's Emily 100%

1:00 Determine Batch Size Emily 100%

1:00 Determine Hardware Needed/  Costs Team 100%

1:00 Set Up Lewiston Plant Tour Emily 100%

2:00 Research Manufaturing Methods Team 100%

1:00 Determine Manufaturing Methods Suitable for 4 Ideas Team 100%

4:00 PowerPoint for Design Review Team 100%

1:00 Choose Final Design Team 100%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

F S S M T W R F S S M T W R F S S M T W R F S S M T W R

1:00 Determine Manufaturing Methods Suitable for 4 Ideas Team 100%

4:00 PowerPoint for Design Review Team 100%

1:00 Choose Final Design Team 100%

1:00 Run Material List by Jon and Sally for Standard Materials Jaime 100%

3:00 Drawings and BOM for each part Nikki 100%

15:00 Put together prototype for Snapshot Jaime/Nikki/Emily 100%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

F S S M T W R F S S M T W R F S S M T W R F S S M T W R F S S

15:00 Put together prototype for Snapshot Jaime/Nikki/Emily 100%

4:00 Remodel for Plastic Design Davis 100%

1:00 Gather User Input Data at Snapshot Team 100%

3:00 Get quotes for each viable Manufaturing method online Team 100%

3:00 Update Project Portfolio Team 100%

4:00 Get Real Manufacturer Quotes Team 100%

1:00 Recommendation for Manufacturing Team 100%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

M T W R F S S M T W R F S S M T W R F S S M T W R F S S M T

Pick up 3D printed parts from ME office Emily

Finish plastic drawing package and send out PDF to team Davis

Send out drawing package to Sally Davis

Sent out drawing package to Mike and request quote Davis

Get rail block machined out with Andre Nikki

Put together prototypes in chassis Jaime

Configure prototypes for expo on ply boards Nikki

Make new metal flippy arm Jaime

Finish SME presentation PPT Team

Practice SME presentation #1 Team

Practice SME presentation #2 Team

Practice SME presentation #3 Team

Final Report ideas section Team

Final Report Rail Development Section Nikki

User testing/  timed testing Team

Poster Draft #1 Emily

Register for SME Emily

APRIL

Check When 

Completed

FEBRUARY

MARCH

JANUARY



Design Development 
 
The project began with idea generation. The team came up with 11 preliminary ideas and 
created a decision matrix to rate and weed out the ones that were less promising. An online 
priority tool was used in collaboration with client input to create the weightings on each 
category (Appendix C). An overview of each initial design is described below. 
 

1. Cleat and Claw 
The following idea is a simple lever mechanism that uses a claw 
placed on both sides of the front of the chassis box and a 
modified lip on the front of the circuit board tray as a cleat to 
grab onto. Figure 4 on the right shows the mechanism on the 
right-side looking in.     
The space between the trays constrained the length of the claw 
which restrained the mechanical advantage it could produce. 
The mechanism also had difficulty catching the cleat on the 
circuit board tray for insertion purposes.  
 

 

2. Gears 
This idea in its simplest form is a rack and pinion. The gear is 
rotated with an extended lever arm. Error! Reference source n
ot found. on the right shows the left corner of the front of the 
chassis looking in.  

The main problem with this design was the alignment upon 
insertion that could cause the lever arm to rotate into the 
chassis making it impossible to insert the tray further or not 
enough making it impossible to close. There is also the 
possibility that the gear teeth could slip under high loads.  

 
 

3. Rubber 
This idea uses a rubber aluminum interface to create a surface 
that can grip the outer wall of the chassis to eject the circuit 
board trays. Figure 6 on the right shows the left front corner of 
the chassis looking in.  

The rubber idea lacked feasibility. Most rubber materials have a 
really poor resistance to hydrocarbons that soften, harden, and 
in extreme conditions causing the rubber to dissolve. The 
rubber idea had the same alignment issues as the rack and 
pinion.  
 

Figure 4: Wood Iteration of Right Claw 

Figure 5: SolidWorks Model of Gear Lever 

Figure 6: SolidWorks Model of Rubber Lever 



4. Rails 
The basic concept of this idea is that of a 
lever arm. Like a crow bar, there is a long 
lever that produces a large amount of 
mechanical advantage depending on how 
far away the hinge is from the end of the 
bar. The first iteration of this design consists 
of two lever arms, one on each side of the 
front of the chassis. Each arm has a peg 
sticking up from the top surface. This peg 
slides in and out of a set of rails located on 
the underside of the circuit board tray. Figure 7 above shows the top view of this basic assembly 
excluding the tray. 
One drawback is that the tray would need special modification to include the rails. The opening 
on each side of the rails may also cause some alignment issues if the arms are not positioned 
correctly before the insertion of the tray.  
 

 

5. Over-Center 
This system utilizes mechanical advantage generated by an over-center mechanism similar to 
latches used in tool boxes or sealing jars. The design went through several iterations, the first of 
which is shown in Figure 8. The user would move the lever arm forwards and backwards to insert 
and eject the tray. The side location caused several issues with tray canting, so over time the 
design evolved to be centrally located and reflected across the central axis, so forces were 
evenly distributed. This design can be seen in Figure 9. 

  
 

 

 

 

 

 
 

Figure 7: SolidWorks Model of Initial Rails Design 

Figure 8: Open and Closed Over-Center Mechanism 

Figure 9: SolidWorks Model of Over-Center Mechanism 



6. Slotted Arm 
This system uses a single lever connected to the back of 
the chassis to push on a pin attached to the bottom 
surface of the tray. The lever in its current format uses a 
slot in the end of the arm to latch onto the pin (Figure 10). 
The slot design would require spring loaded return for 
accurate positioning to allow the pin into the slot at the 
right time. Due to there being only one lever per tray, 
canting is a large concern as it causes asymmetrical friction 
on the tray and the length of this arm is too great to avoid 
component interferences. 
 

 

7. L-Hole 
¢Ƙƛǎ ǎȅǎǘŜƳ ǳǎŜǎ ŀ ǎƛƳǇƭŜ ά[έ shaped lever to push on the 
edges of a hole made in the tray. The geometry of the 
lever can be easily adjusted to create the force required 
for removal of the tray, but the geometry did not allow for 
full removal of the tray because of physical interferences 
with the bottom of the chassis, the lower tray, and the 
hole in the tray being ejected.  
 

 

8. Threaded Rod 
This system uses a rod attached to the bottom of the tray that threads into a nut that is 
permanently attached to the back of the chassis. The nut would be located in the center of the 
chassis to attempt to avoid any canting upon insertion. The handle telescopes for easier access 
and collapses when not in use, shown below in Figure 13 and Figure 12. The pitch of the threads 
can be adjusted to achieve various mechanical advantages and revolutions needed to insert and 
eject the tray.  

 

Figure 10: Bottom View of Tray and Slotted Arm 

Figure 11: Side Section View of the L-Hole 
Mechanism 

Figure 13: Threaded Rod Collapsed Handle Figure 12: Threaded Rod Extended Handle 



9. Puzzle Piece 
This design consisted of two puzzle-like pieces 
that would swivel in and out of the sides of the 
chassis. The puzzle pieces would latch onto a 
similar cut out made in the tray to pull it out and 
push it in. The main problem with this design is 
that it would not allow for the cover plate to be 
secured. 
 
 

10. Peg Slide 
This system uses a pin that pushes on an angled 
channel to insert and eject the tray from the 
chassis. The ramp angle can be increased or 
decreased to output the necessary force. The pin 
is attached to an arm that slides on a track 
beneath the tray. Placement of the track was an 
issue as the track interfered with removal of the 
tray.  
 

 

11. Y-Rod 
Figure 16 shows a schematic of the Y-rod mechanism.  This idea uses two άYέ shaped claws that 
will grab a peg attached to either sidewall of the chassis. ¢ƘŜ ǘǿƻ ά¸έ Ŏƭŀǿǎ ŀǊŜ ŀǘǘŀŎƘŜŘ ōȅ ŀ 
long rod that runs across the front of the tray. It is configured to give the operator a handle that 
swivels to rotate the claws.  

The main issue with this design is the low mechanical advantage it produces and torsional failure 
in the handle is very likely to occur during operation.  

 

 

  

Figure 14: Top View of Right-Side Puzzle Piece 

Figure 16: Side View of the Y-Rod Idea Figure 17: Side View of the Y-Rod Idea in Operation 

Figure 15: Peg Slide Design 



Design Selection 
 

Decision Matrix 
Through the use of an online priority tool the team was able to come up with the following 
weights for each category of the decision matrix shown below in Table 2. The weightings 
represent percentages and all the category weightings should add up to 100 with higher values 
signifying greater importance.  
 

 
Table 2: Decision Matrix Category Weighting 

 

Using these weightings, each of the 11 designs were ranked on a scale of 1-10 with 10 being the 
perfect design and 1 being the worst. Descriptions of each category at the high end of the 
spectrum are as follows: 

¶ Ergonomic ς Comfortable, causes no pain, repetition causes no harm 

¶ Operation Time ς Minimizes time to complete task, very fast  

¶ Ease of Access ς Up front, no reaching or squeezing into small spaces needed 

¶ Simplicity ς Easy to understand without prior instruction 

¶ Low Profile ς Takes up minimal available space within chassis 

¶ Cost ς Relative price of materials needed, higher volume= higher price, metals>plastics 

¶ Repairability ς Minimal cost and time to repair parts  

¶ Complexity of Design ς No complex parts (gears, threads, high tolerances) 

¶ Tooling Cost ςcheaper tooling/fabrication and minimal set up time 

¶ Modification Complexity ς Simple, low cost, and minimal modifications needed on 
existing components 
 

The decision matrix assumed that all designs being considered had met all SEL requirements.  
Some ideas scored high but through preliminary prototyping failed to meet the main 
requirements of the project. These ideas are highlighted in red in Table 3 below and were not 
considered moving forward. From the remaining ideas, the top idea came out to be the Rails 
design followed closely by the Over-Center Mechanism and the Threaded Rod designs.   
 



 
Table 3: Decision Matrix for Preliminary Designs 

 

Process Selection 
Process selection is an integral part of design. The fabrication process can determine how the 
material is joined, shaped, and finished, therefore influencing the final design itself. There are 
multiple processes that an engineer can select which is also dependent on the material, function, 
and the shape of the part. Therefore, a simple process selection was conducted based on shape 
type and economic batch size to better understand what was available for this project. The 
following figure shows the processes that work well with each different type of shape in the 
desired design. From the preliminary designing stage, the team figured that 3D solid shapes 
would be a good place to start.  
  
  

Figure 18: Process Selection Based on Component Shape 



Figure 19: Process Selection Chart Based on Economic Batch SizeFigure 19 shows processes that 
correlate with economic batch sizes. The team was given an estimated batch size of 10,000 units 
per year. In addition to using these charts, the team researched what processes were common 
and available for SEL to use and ended up Sheet metal fabrication and injection molding as the 

two processes to move forward with.  
Figure 19: Process Selection Chart Based on Economic Batch Size 

 
 
  



Sheet Metal Forming 
 
Sheet metal fabrication was especially appealing because SEL already has a close working 
relationship with NIC Global Manufacturing in Woodinville, WA and a majority of SEL products 
contain sheet metal components.  
Sheet metal fabrication consists of bending, rolling, shearing, stamping, and more. Designers 
need to keep sequential forming in mind as well as limitations on bend radii. Usually sheet metal 
machines are able to press multiple features at once depending on the tooling for design. 
 

¶ Advantages 
o High production rate = low part cost 

¶ Disadvantages 
o Tooling less flexible  
o High up-front cost  

 
 
 
 
 
 
 

Injection Molding 
 
Injection molding was considered for many reasons. For one, SEL has an in-house injection 
molding facility in Lewiston, ID. Plastics are also cheap as a material and reduce the risk of 
interaction with the electrical components within the relays. The plastic parts are light which 
makes them cheaper to ship and safer to handle. 
Injection Molding starts off with plastic pellets that are melted through a barrel to the point that 
it can be injected into a cavity or mold. The parts cool in the mold and are then ejected with 
ejector pins. This process repeats itself until all the parts are created.  
  
 

¶ Advantages 
o Low scrap rates 
o Highly reproducible 
o Low part cost 
o In-house facility 

¶ Disadvantages 
o High up-front cost for tooling 
o Design constraints 

Á Wall drafting 
Á Uniform wall thickness 
Á Strength of plastic  

Figure 20: Sheet Metal Forming Techniques 

Figure 21: Injection Molding Schematic 



Material Selection 
Given the two manufacturing methods selected previously, materials needed to be determined 
for future stress analysis. By using the material selection charts below, multiple materials can be 
pooled together to understand what is available for the proposed design.  
 

The final design in its simplest form is a beam. 
The team algebraically derived the following 
material indices: 
 

ὓ Ὁ ὅz  (1) 

ὓ Ὢz ὅ  (2) 

 
Where Mis the material index, E is the Elastic 
Modulus, Cvr is the relative cost per volume of 
material, and f is the strength of the material. 
Equation 1 and 2 are used for a stiff beam and 
a strong beam respectively to conduct a 
multistage selection. The elastic modulus and 
strength were maximized and the relative cost 
per volume of material were minimized as 
much as possible. The red lines represent these 
material indices which intersect materials that 
will perform similar to each other. The indices 
were strategically placed to intersect the most 
metal and polymer materials since those are 
the materials used in the two manufacturing 
methods the team decided to use.  
 
After pooling the resulting materials from each 
chart, the overlapping materials highlighted in 
Table 4: Multi-stage Material Selection Results 
were used in cross reference with SELΩǎ common materials. 
5052 Aluminum was chosen for sheet metal and Nylon 6 was chosen for injection molding. 
 
 
 
 
 
 
 
 
. 
 

Figure 22: Material Selection for a Stiff Beam 

Figure 23: Material Selection for a Strong Beam 

Table 4: Multi-stage Material Selection Results 



Final Design 
 
The Rails idea, as stated previously, was selected to be the 
final design. The preliminary design went through multiple 
stages of development to improve alignment, minimize part 
volume, and maximize ergonomics.  
The long rails were cut in half and formed into two smaller 
blocks for added strength and ease of attachment. The 
opening in the rail block was widened and the walls were 
smoothed out to allow for a smoother transition. 
The final design consists of two lever arms, two rail blocks, 
and two chassis wall connectors for each arm. 
 
 

Sheet Metal Design Specifications 
The sheet metal version of the Rails design uses 14-gauge 5052 Aluminum. This thickness 
allowed for the use of PEM fasteners and is also a common sheet used in the given relay 
assemblies. The lever arms take on the most stress, so the thin metal would not work as is. Tabs 
were added to the arm to increase rigidity and prevent torsion. Another tab was folded down 
and hemmed to provide a comfortable surface for the user to push and pull on. The connector 
has a tab on top for the arm to connect to and a tab in the front to stop the arm at an angle that 
would allow for proper insertion. The rail block has the same overall shape as shown in Figure 
21, but because it is being stamped out of the thin sheet of metal it requires 4 identical pieces on 
each side to be stacked together and screwed into the tray. 

 

Figure 24: Refined Rail Design 

Figure 25: Sheet Metal Rails Design Right-Side Assembly 



There are four different fasteners needed for this design. Two of which are already being used in 
the current relay assembly. There are two rivets used to connect each connector piece to the 
chassis side wall. These are the same rivets used all around the outside of the chassis. The rail 
block will slide over two stand offs that are currently used on the top of the tray for the circuit 
boards, so just 4 more of the same standoffs will be needed on the underside of the tray. The 
last two are new fasteners found on the Penn Engineering website. The peg is a self-clinching 
stud that is pressed into the sheet and the pivoting connection is a spot fast hinging fastener.  
Figure 26 shows where each of these different fasteners will go in the rails design assembly. Part 
numbers for all the listed parts can be found in Table _ .  
 

Figure 26: Fastener Placement for Sheet Metal Assembly 

 
  



Injection Molding Design Specifications 
The injection molding version of the rails design had to be 
modified a bit more because of the process constraints. 
To get the best result, the plastic needs to cool at the 
same rate everywhere within the part. To achieve this, all 
of the parts need to have even wall thickness between 
1mm and 4mm in thickness. With plastics already being 
weaker than metals a lot of supporting walls needed to be 
added. The lever arm ended up looking like an I-beam to 
get that extra rigidity. The rail block had to be hollowed 
out for the walls to have even wall thickness, so webbing 
was added for support. The connector was made with 
enclosed walls for extra strength as well. All parts have a 
2-degree wall draft to allow for ejection after cooling.  

 
The same standoffs can be used for the injection molding rail block. The hinging fastener is a 
binding barrel screw and the connector to wall fastener is called a tapered thru threaded insert. 
This insert is heated and pressed into the plastic connector. There were multiple versions of this 
fastener and we chose to use the press in ones because they were cheaper, and they were 
available in 6-32 #2 thread, so the assembly would remain consistent in that way. They are not as 
strong as the ones that are molded into the part, but the connector does not see any major 
pulling forces, so it was not seen as a critical aspect for this design. 
 
 

  

Figure 27: Bottom of Injection Molded Rail 
Block 

Figure 28: Fastener Placement for Injection Molded Assembly 



Flipped Rails Design 
Another version of the Rails design was experimented with towards the end of the semester. 
This version swapped the location of the peg and the rail block. The slot characteristic was now 
embedded into the arm and the peg became a stud that protruded downward from the tray. 
This design eliminates the need for the rail block and therefore requires two less parts in the 
assembly.  A few versions of this idea were prototyped. The first used 1κуέ ŀƭǳƳƛƴǳƳ ŦƻǊ ǘƘŜ 
arm, the second used the same 14-gauge sheet as the previous sheet metal design (Figure 29), 
and the last used the injection molding process (Figure 30). Further refinement on this design 
may be desired. User surveying, discussed in a later section, concluded that the plastic version of 
this design was the smoothest and quietest of the designs and with the current dimensions it is 
very sturdy and does not feel like it is about to break. 

This design allows for a smoother insertion because the peg slides down the whole arm and then 
into the slot instead of having to be positioned just right to insert into the slot on first contact. 
 
 
 

 

 
  

Figure 29: Flipped Rails Sheet Metal Design Figure 30: Flipped Rails Injection Molded Design 



Design Evaluation 
 

Stress Analysis ς Sheet Metal Rails Design 
The selected material for the sheet metal lever arm is a 5052-H32 aluminum whose yield stress 
is 28kpsi. During ejection of the tray (Figure 28), the max stress determined by a SolidWorks 
simulation study was 1882 psi and occurs at the folded over tab alongside the main body of the 
arm. This results in the design having a factor of safety of approximately 15. During insertion, the 
max stress as determined by the SolidWorks simulation was 1934psi and occurs at the tab 
foldover. This results in the design having a factor of safety of approximately 14.   

Figure 32: Stress Analysis for Sheet Metal Rails Arm- Push 5 lbf 

Figure 31: Stress Analysis for Sheet Metal Rails Arm- Pull 5 lbf 



Stress Analysis ς Flipped Sheet Metal Rails Design 
This design uses the same 14-gauge 5052 Aluminum sheet and incorporates the flipped pin and 
rail locations. The max stress during removal of the tray (figure 30) was 4559 psi and occurs at 
the tab folded over. This results in the design having a factor of safety of approximately 6. The 
max stress during insertion was 3344psi. This results in the design having a factor of safety of 
approximately 8.5.   

 

 

 

Figure 33: Stress Analysis - Flipped Rails Arm Insertion 

Figure 34: Stress Analysis - Flipped Rails Arm Ejection 



Stress Analysis ς Plastic Rails Design 
A simulation was completed for the standard plastic injection molded parts. As the arms are 
symmetrical for both sides, both the pull and push movements can be simulated with one run. 5 
lbf ƛǎ ŀǇǇƭƛŜŘ ǘƻ ŀ ŎƻƴǘŀŎǘ ǇŀǘŎƘ лΦнрέ ǿƛŘŜ ŀƴŘ ǘƘŜ Ŧǳƭƭ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŀǊƳΣ ǘƘŜ ƻǇǇƻǎƛǘŜ ŜƴŘ ƛǎ 
hinged, and the pin is set to be fixed. The max stress as determined by the simulation is 7812 psi 
and occurs at the base of the pin as shown in Figure 35. When made with the selected PA Type 6 
material, which has a yield strength of 12-15 kpsi, a factor of safety of approximately 1.9 is 
calculated.  

 
Figure 35: Stress Analysis for Plastic Rails Design 

 

 

The maximum input force that can be applied before yielding was determined to be 9.5lbs by 
multiple runs of simulation varying the input force until the factor of safety is less than one. 

 

  



Stress Analysis ς Flipped Plastic Rails Design 
The material selected for this design was PA Type 6. In the first study 5lbf was applied to the far-
left end of the lever arm. A fixed hinge feature was added to the pivoting hole and a fixed 
geometry feature was added to the inside jaw area where the peg would react. The max von 
Mises stress was found in the red section shown in Figure 36. The stress at this area came out to 
be 2.1132E07 N/m^2 which is well under the yield strength of the material, 1.036E08 N/m^2. It 
was concluded that the part would not break. The maximum displacement of the part was 
calculated to be 1.454 mm which is less than 0.05 inches. This result further confirmed our 
conclusion from the stress analysis. For the second study a 5lb input force was applied to the 
near side of the far-left end. The fixed hinge feature was kept the same and the fixed geometry 
was applied to the lower jaw section shown below. 

 
 

The majority of the stress in this configuration is in 
the very back of the slot. The maximum von Mises 
stress calculated for this configuration of forces 
came out to be 2.298E07 N/m^2. This is still 
below the yield strength value, so it was again 
concluded that the part would not fail under the 
given 5lb input load. 

Figure 36: Displacement on Plastic Flipped Rails Design 

 Figure 37: Peg Contact Area on Plastic Flipped Rails Design for Push Study 



 
Figure 38: Stress Analysis on Plastic Flipped Rails Design-Input 5 lbf 

Another study was completed to calculate the theoretical maximum input force that the single 
arm could handle. This study was done in the push configuration because it generated more 
stresses than the pull configuration. The same fixtures were applied, and the input force was 
varied from 5lbf to 50lbf. 21lbf was the maximum whole number that produced a max stress 
under the yield strength of the material. This study was done to ensure that the arm would not 
break under greater loads caused by misuse or misalignment within the mechanism. Another 
source of increased input force could be a higher required output force. From previous testing, it 
was found that some new circuit board-connector assemblies produced more friction than 
others. The 5lbf input used is based on the initial project requirement output force of 40lbf. It is 
possible that the new assemblies could require a greater output force to eject and insert the 
trays.  
 

  

Figure 39: Stress Analysis on Plastic Flipped Rails Design - Theoretical Maximum Input Force 



Test Bed 
The team constructed a test bed shown in Figure 41 and Figure 41 to prove the theoretical 
mechanical advantage previously calculated and to observe any physical issues. Item 1 is a fish 
scale rated for a max of 110 lbs. The scale will be attached to item 2, the lever arm being studied, 
and pulled upward until the scale reads 5 lbs. Item 3 is identical to item 1 and will have the 
handle fixed so it will be constrained in the upward direction. The hook will secure the lever 
ŀǊƳΩǎ ǇŜƎΣ ƭŀōŜƭŜŘ ŀǎ ƛǘŜƳ рΦ LǘŜƳ п ǊŜǇǊŜǎŜƴǘǎ ŀ Ǉƛƴ ǘƘŀǘ ǎƭƛŘŜǎ ƛƴǘƻ ǘƘŜ ǇƛǾƻǘ ƘƻƭŜ ƛƴ ǘƘŜ ŀǊƳΦ 
This fixes the pivot location.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Results 
In Figure 41, the sheet metal arm is being tested. The fish scales read 5.08 lbs. on the top and 
20.45 lbs. on the bottom. This confirms the mechanical advantage previously calculated and 
there is little to no deflection to be seen in the arm. Although the sheet metal arm did not bend, 
it did twist a little because of the placement of the forces.  
The plastic arm also met the mechanical advantage needs. The plastic arm showed more 
ōŜƴŘƛƴƎ ǿƛǘƘ ŀōƻǳǘ ŀ лΦнрέ displacement of the tip in the z direction. It also twisted a tiny bit, 
but not enough to cause worry. 
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Figure 41: Test Bed Schematic Figure 41: Test Bed in Use 



Cost Analysis 
For each design the team was able to attain quotes which specified what the cost would be for 
each individual assembly based on a batch size of 10,000 units. For the injection molding design, 
a quote was obtained from Protolabs which resulted in a part cost of roughly $3.00. It is 
important to note that this cost will likely decrease because ƻŦ {9[Ωǎ ƛƴ-house injection molding 
facility. For the sheet metal design, quotes were obtained from NIC global manufacturing 
solutions and the assembly cost was roughly $15.00. It is apparent from these quotes, that an 
injection molded solution would be much cheaper than a sheet metal fabricated solution. The 
original quotes can be found in Appendix D.  
 

Hardware costs were estimated from McMaster-Carr to create the following tables. Cost of 
hardware parts already existing in the original relay assembly were ignored. The binding barrel 
screws were thought to be the best way to attach the arm to the connector, but it may be too 
costly to implement. 
 

 
 

 
 

  

Part No. Part Cost Quantity Total Part Cost NOTES

NPN-RIVET_CHICAGO_RIVET_R3553 0.00822 4 0.03288 Connector to chassis connection (in original chassis)

SFW-3-1.6-LZ 0.25 2 0.5 Single point hinging fastener for arm to connector piece (new)

TPS-125-6 0.2438 2 0.4876 Self Clinching Stud for peg in arm (new) Price from McMaster-Carr

6-32 #2 screws N/A 6 N/A screws for connector and rail block

NPN-PEM_SO_6440-10 N/A 4 N/A Rail block to tray connection (in original tray)

Right and Left Sub Assembly 14.71 1 14.71 Quote from NIC Global. (tumble deburred)

15.73048 Total Assembly Cost

Sheet Metal Rails Design

Part No. Part Cost Quantity Total Part Cost NOTES

IUA-632-1 N/A 4 N/A Connector to chassis connection (in original chassis)

94887A136 1.638 2 3.276 Binding barrel scerw for arm to connector piece (new)

6-32 #2 screws N/A 6 N/A screws for connector and rail block

NPN-PEM_SO_6440-10 N/A 4 N/A Rail block to tray connection (in original tray)

Right and Left Sub Assembly 2.94 1 2.94 Quote from NIC Global. (tumble deburred)

6.216 Total Assembly Cost

Injection Molding Rails Design



User Testing and Feedback 
The final component of design analysis was user testing and feedback. This took place in two 
stages. The first was formal testing with a timed component. Users were presented with two 
chassis, one equipped with a sheet metal model and one with a 3D printed model. They were 
asked to use the mechanism to eject and inject the tray without any instruction. After 
completing the action and learning how the mechanism worked, the user was timed for both the 
sheet metal and 3D printed models. Timing started when the user moved to eject the tray, and 
ended after the tray was ejected, removed, and reinserted. It should be noted that the users 
were either presented with the original model or flipped design, but not both. The users were 
also asked to give feedback both in a ranking format and free answer, which can be seen in 
Figure 36. The metal designs generally took less time to insert and eject, however the plastic 
models were more comfortable for users. 
 
The second component of user testing occurred at Engineering EXPO. Throughout the day many 
people used all of the arm designs. The overwhelming feedback was that the plastic models were 
more comfortable to use and behaved more reliably. The metal versions would creak and grind, 
sometimes alarming users. Over time, this grinding caused the parts to shift, generating a lot of 
friction and causing the mechanisms to jam regularly. They also had sharper edges and caused 
some scrapes to hands. The 3D printed components would flex a lot which was occasionally 
alarming, however they did not break. The flipped design did not experience as much flex, but it 
was more comfortable than the metal versions. 
 
Compiling the input from both user testing stages, the recommended design is the flipped 
injection molded design. 
 

Design How 
Accessible is 
the insertion 
and ejection 
mechanism? 
(1-5, Cannot 
Access-Easily 
Accessible) 

How 
Comfortable is 
it for you to 
use the 
mechanism? 
(1-5, It Hurts-
Could Use it All 
Day!) 

Recommendations 
to improve 
accessibility 

Recommendations 
to improve 
comfort 

Time 
Required 

S
h
e

e
t 
M

e
ta

l O
ri
g

in
a

l
 

4 3 Sharp edges cut 
fingers 

Use less sharp 
metal and pads to 
push on 

6s 

5 4 N/A Have the arms be 
a little softer 

7s 

3 3 Visibility of 
handles isn't 
immediate, 
perhaps additional 
labelling? 

Smoother slider, 
maybe rollers? 

8s 



P
la

st
ic

 O
ri
g

in
a

l
 

5 4 N/A Have the arms 
stop at a closer 
point 

24s 

4 4 Use springs of 
some sort to 
prevent the 
handles from 
slipping back too 
far 

Very smooth 
already 

10s 

5 4 Label to show how 
to operate 

Make it easier to 
grab, tighter hole 
or notch 

6s 

S
h
e

e
t 
M

e
ta

l F
lip

p
e

d 

5 5 Add grippy cover 
to thumb anchor 
on arm. 

Grippy rubber 
covers 

N/A 

4 4 Keep the lever 
arms flush 

Make the pivot of 
the lever arms 
smoother 

20s 

4 4 Have something 
to brace your 
hands against 
while pulling 
handles out 

N/A N/A 

P
la

st
ic

 F
lip

p
e

d 

3 3 More difficult to 
pull out than 
metal one 

N/A N/A 

5 4 N/A Make larger 
thumb pads to 
make insertion 
easier 

27s 

5 5 The handles were 
colored so easier 
to see 

Rubber handle 
covers 

N/A 

Table 5: User Feedback Data 

  



Future Work 
Overall, the team was able to generate and refine an idea that would work well for ejecting 
circuit board trays in SEL relays. If SEL intends to move forward with one of these designs, a 
more accurate estimate of the cost for modification of the tray and chassis would need to be 
gathered. This would consist of figuring out whether or not the assemblies could be attached 
while the sheet metal chassis is in production. Longevity analysis should also be conducted to 
ensure that the production material will last the required number of cycles. This will help 
minimize premature failure in the design. It is also recommended that SEL continue to conduct 
user testing to ensure that ergonomic standards are continuously met. Vibration testing is part 
of SELΩǎ requirements and lastly, a full-scale production and implementation plan will need to be 
put together. This will help ensure that the products are made, assembled, and operated 
correctly by both SEL personnel and customers. Some potential design improvements are spring 
loading the lever arms to return to an ideal angle for proper alignment upon insertion and to 
adjust the angle of slot in flipped Rails design to maximize the mechanical advantage. 
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Appendices 
 

Appendix A: WI-11751 

 
 

Appendix B: EZ-Ject User-Testing Data Collection 
A more detailed report can be found in the compiled work flash drive. 

Test 1: What is an acceptable push and pull force required to eject and insert a 
tray? 

Apparatus: 1 fish scale (max 110 lbs), a center pivoted lever arm, 4x4 wood block. 

Subjects: Snapshot#1 attendees who stopped at our table and were willing to 
complete our exercise. 



Directions: Push/pull on the end of the lever until you feel it is a comfortable 
amount of force to use on an ejection/insertion mechanism repeatedly 
throughout the day. 

Date: 10/9/18 

 
Using values within the Standard Deviation: 

push avg(lbs)= 5.642857143 

pull avg(lbs)= -4.785714286 

total avg(lbs)= 5.214285714 

  

Using values after manually eliminating outliers 

push avg(lbs)= 5.095238095 

pull avg(lbs)= -4.785714286 

total avg(lbs)= 4.94047619 

  

avg= 10.11428571 -9 

mode= 5 -4 

SD= 10.93973177 7.980675189 
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Appendix C: Priority Calculator 

 

 

  

Category: Manufacturability Space

Sub-Category: Cost(Tooling) Cost(Materials) Complexity of Design Low Profile

Notes: Cost of tooling. Cost of materials used 

for final product if 

not tooled.

Quantity of separate parts 

needed to be manufactured. 

Minimize complex parts 

(threads, gears, high 

tolerances).

Is the tool 

aesthetically pleasing 

and conservative 

with available space?

Weight 2.10 3.70 3.10 8.20

Rank 10 8 9 5

Weight 9.60 6.40 4.50 11.90

Rank 5 8 10 3

Weight 3.20 10.80 3.10 6.20

Rank 8 4 9 6

Weight 1.30 8.30 5.90 4.20

Rank 9 5 6 7

Weight 4.05 7.30 4.15 7.63

Rank 9 6 8 5

Average

Cost

Part icipant 

Name:

Nikki

Jaime

Davis

Emily

Ease of Access Simplicity Ergonomic Repairability Operation Time

Can the user access 

the tool without 

difficulty?

The user does not 

have to think to use 

the tool.

It  is comfortable to use the tool 

to eject and insert trays.

How easily can the 

tool be accessed for 

repairs, and how 

easity can it  be 

repaired?

How long does it  take the user to eject 

and insert the tray with the tool?

13.20 14.80 19.30 6.10 24.10

4 3 2 6 1

9.50 9.80 24.10 6.80 12.70

6 4 1 7 2

10.90 17.30 32.40 2.60 10.30

3 2 1 10 5

21.70 12.80 31.80 1.30 10.10

2 3 1 9 4

13.83 13.68 26.90 4.20 14.30

3 4 1 7 2

User Friendly

Current System Modification

Mod. Complexity 

How difficult is it  to add or 

subtract to the exist ing parts of the 

assembly?

5.40

7

4.70

9

3.30

7

2.70

8

4.03

10

Average Order Category Weight

1 Ergonomic 26.9

2 Operation Time 14.3

3 Ease of Access 13.83

4 Simplicity 13.68

5 Low Profile 7.63

6 Cost(materials) 7.3

7 Repairability 4.2

8 Complexity of Design 4.15

9 Tooling Cost 4.05

10 Mod. Complexity 4.03



Appendix D: Quotes 
Sheet Metal Rails Design 

 
 



Sheet Metal Flipped Rails Design 

 



 
 



Injection Molding Rails Design 

 



 



 



 
 
 



Appendix E: Drawing Packages 
Sheet Metal Rails Design 

 






















